Several species of aquatic bacteria have been identified which employ the earth's geomagnetic field to direct their motion towards suitable habitats. A common feature of these magnetotactic bacteria is the presence of discrete intraceUular magnetic inclusions, magnetosomes, aligned in chains along the long axis of the organism. The size and orientation of these individual magnetic particles impart a permanent magnetic dipole moment which is responsible for the magnetotactic response. Until recently only crystals of 536 the mixed-valence iron oxide, magnetite (F%O4), were identified in these bacteria. Now, however, magnetic and non magnetic iron sulfide minerals have been identified in multicellular magnetotactic bacteria collected from sulfidic environments [1, 2] . These studies showed the presence of discrete intracellular crystals but were in conflict with regard to their mineralogical identification, viz. pyrrhotite (FeSx+x) [2] or greigite (Fe3S4) and pyrite (FeS2) [1] . This discovery is of profound importance to the study of biomineralNaturwissenschaften 77 (1990) ization, prokaryotic metabolism [3] and, possibly, the origin of life [4] . Here we report the presence of intracellular greigite crystals in two different types of rod-shaped single-celled magnetotactic bacteria collected from sulfide-rich sites. The greigite particles are often organized in chains, have narrow size distributions (50-90 nm), and adopt specific crystallographic habits (cubo-octahedral and rectangular prismatic) associated with particular cell types. The prismatic crystals are unusual since they do not conform to the symmetry relations of the greigite cubic lattice. Our results indicate that the biomineralization of greigite in magnetotactic bacteria is highly regulated and there are close similarities to the biosynthesis of bacterial magnetite (Fe304) [5, 6] . The formation of novel morphologies of biogenic greigite suggests that such crystals may provide a diagnostic marker in the characterization of sources of remanent magnetization in recent and ancient sediments [7] . Bacteria were collected from jars of sulfide-rich sediment and water sampled from salt-marsh pools at the Neponset River and Woods Hole, Massachusetts, and at Morro Bay, California. Permanent magnets were placed on the sampling jars with the south magnetic pole positioned just above the water-sediment interface and bacteria that accumulated near the pole were drawn up with a Pasteur pipette and examined by light microscopy. The bacteria collected in this manner included the multicellular magnetotactic organism described previously [1, 2, 8, 9] , as well as several morphological types of magnetotactic rod-shaped bacteria. The bacteria were subsequently deposited unstained on amorphous carbon films on nickel grids for electron microscopy. They were examined by scanning transmission electron microscopy (STEM), high-resolution transmission electron microscopy (HRTEM), and energy-dispersive Xray analysis (EDXA), and electron diffraction. All crystallographic and elemental analyses were done on particles located within intact bacteria. Transmission electron micrographs of two of the predominant types of magnetotactic rod are shown in Fig. 1 . One type (Fig. lb) was a large (ca. 3 x 2 Naturwissenschaften 77 (1990) /zm) organism with chains and clusters of predominantly rectangular electrondense particles. Individual cells contained, on average, 57 crystals of mean dimensions 69 x 50 nm with a variable aspect ratio (1.0 to 2.0). The crystals exhibited well-defined end faces but the sides were often irregular. A second cell type (Fig. la) was a smaller (ca. 2.5 z 1.3 /zm) organism with a single chain of, on average, 26 well-defined cuboidal electron-dense particles of mean dimension, 67 nm. Elemental mapping of the particles by E D X A (Fig. 2) showed that both types of particles consisted of iron and sulfur but not oxygen. Identification of the mineral phase in both cell types was made by indexing single-crystal electron diffraction patterns and lattice images of individual particles. This was necessary because the d-spacings of all the iron sulfides are similar, making identification from limited powder diffraction data alone unreliable. A single-crystal electron dif-© Springer-Verlag 1990 fraction pattern from a rectangular particle in the larger rod-shaped bacterium is shown in Fig. 3a , and by lattice imaging (data not shown). Thus, the crystals have an idealized morphology based on a rectangular prism of six cubic [100/faces. Single-crystal electron diffraction patterns from particles in the smaller rodshaped bacteria were also indexed to greigite (Fig. 3b) These results in conjunction with previous observations [1] suggest that the biomineralization of greigite may be a common occurrence in magnetotactic bacteria inhabiting sulfidic environments. Interestingly, the rod-shaped bacteria appear to maintain greater control over mineralization compared with a previously described multicellular organism. The latter produces crystals of both greigite and pyrite (FeS2) [1] and the morphologies are not welldefined [1, 2] , By contrast, the rodshaped bacteria specifically mineralize greigite and regulate the crystal habit. While the deposition of cubo-octahedral crystals may reflect an equilibrium form involving minimal biological intervention, the formation of elongated cubic crystals indicates that the biosynthetic mechanism involves disruption of the symmetry relationships in the isometric lattice of greigite. A similar effect has also been observed with bacterial magnetites [5] . One possibility is that the greigite crystals develop within vesicles that are extended along one direction, imparting a spatial constraint in crystal growth. But the association of a preferred crystallographic axis ( < 100>) with the direction of elongation suggests that the greigite crystals are oriented during nucleation, indicating that mineralization is also regulated at the molecular level.
Assuming that the 67-nm particles in the smaller rod are single-magnetic-domains, it is possible to calculate the average permanent magnetic dipole per cell [10] . A greigite density of 4.1 g/cm 3 from the crystallographic data (space group, Fd3m, a = 9.88 A, 8 formula units per unit cell) and a measured saturation magnetization of 30 emu/g [11] yields a permanent magnetic dipole moment per particle, m = 3.65 × 10 -14 emu. For particles arranged in a chain, the total moment is the sum of the individual particle moments [10] . Thus, the total moment of a cell with a chain of 26 particles, M = 9.5 × 10 -13 emu. In the geomagnetic field, B 6 = 0.5 Gauss, the magnetic energy, M x B G ~ 4 x 10 13 erg, which is more than ten times thermal energy at 300 K. Thus, the chain of greigite particles has a large enough permanent magnetic dipole moment so that the migration speed of the cell along geomagnetic field lines would be more than 80 % of its forward speed [101. If some particles in the chain were nonmagnetic pyrite, as they are in the case of the multicellular organism [1] , the migration efficiency would be correspondingly reduced. The average permanent magnetic dipole moment of the larger rod-shaped cells is not so easily calculated because the relative orientations of the individual particle moments in the clusters are not known. The fact that the larger rods contain more particles on average could reflect the magnetically less efficient arrangement of the elongated particles compared to the ordered chains in the smaller rod-shaped cells. The foregoing analysis suggests that the rod-shaped bacteria specifically mineralize greigite, not pyrite, in connection with magnetotaxis. This specificity argues against the view that intracellular greigite transforms to pyrite on a time scale comparable to the lifetime of the cell [1] . Thus, the multicellular bacterium recently described [1] , which contains greigite and pyrite, may be capable of simultaneously and separately mineralizing the two iron sulfides. Since pyrite does not contribute to the magnetotactic response, its role may be related to the maintenance of homeostasis of iron and/or sulfide [3] , or to other metabolic processes in the cells.
